The identification of G protein-coupled receptors (GPCRs) specific for the lymphatic endothelial cells (LECs) is essential for establishing drugs targeting the lymphatic system. Results: GPR97 is an orphan adhesion GPCR that regulates LEC migration. Conclusion: GPR97 is the first known adhesion GPCR involved in lymphatic remodeling. Significance: This first evidence that adhesion GPCRs govern LEC motility opens new possibilities for modulating lymphangiogenesis.
The important role of the lymphatic vascular system in pathological conditions such as inflammation and cancer has been increasingly recognized, but its potential as a pharmacological target is poorly exploited. Our study aimed at the identification and molecular characterization of lymphatic-specific G proteincoupled receptors (GPCRs) to assess new targets for pharmacological manipulation of the lymphatic vascular system. We used a TaqMan quantitative RT-PCR-based low density array to determine the GPCR expression profiles of ex vivo isolated intestinal mouse lymphatic (LECs) and blood vascular endothelial cells (BECs). GPR97, an orphan adhesion GPCR of unknown function, was the most highly and specifically expressed GPCR in mouse lymphatic endothelium. Using siRNA silencing, we found that GPR97-deficient primary human LECs displayed increased adhesion and collective cell migration, whereas single cell migration was decreased as compared with nontargeting siRNA-transfected control LECs. Loss of GPR97 shifted the ratio of active Cdc42 and RhoA and initiated cytoskeletal rearrangements, including F-actin redistribution, paxillin and PAK4 phosphorylation, and ␤1-integrin activation. Our data suggest a possible role of GPR97 in lymphatic remodeling and furthermore provide the first insights into the biological functions of GPR97.
The lymphatic vascular system plays an important role in the drainage of interstitial protein-rich fluid, the transportation of immune cells to the lymph nodes, and the uptake of dietary fat from the intestine. The most prominent direct consequence of lymphatic vessel dysfunction is the enrichment of fluid in the tissue and the development of lymphedema. In recent years, it has become evident that the lymphatic vasculature and its expansion through a process termed lymphangiogenesis have a far more dramatic impact upon disease progression than previously thought (1) (2) (3) . For instance, lymphatic vessels facilitate the dissemination of cancer cells not only through providing the "roads" to the draining lymph nodes and distant organs, but also by actively enhancing tumor spread via secretion of chemokines (4) . In contrast, the activation of lymphatic vessels can limit acute and chronic skin inflammation, likely by increasing the drainage of tissue fluid and of inflammatory mediators and cells (5, 6) . As compared with the increasing knowledge on the impact of lymphangiogenesis in human pathologies, the advances regarding new lymphatic-based treatment strategies are rather moderate. Only very recently, the first anti-lymphangiogenic treatment, an antibody against vascular endothelial growth factor (VEGF) receptor-3, entered clinical cancer trials (7) . The lack of pharmacological modulators is partially due to the poor characterization of "druggable" proteins expressed specifically on the lymphatic vessels, a fact underscoring the need for the identification of new lymphatic markers suitable as drug targets. Regarding their potential as therapeutic targets, G protein-coupled receptors (GPCRs) 3 are among the most promising candidates. Indeed, 30% of the currently marketed pharmaceuticals target GPCRs covering a broad range of indications from hypertension to allergy (8) . The GPCRs are heptahelical transmembrane receptors that sense a variety of chemical and physical signals and therefore play a role in the majority of biological processes. The importance of the GPCRs is underpinned by the huge number of genes encoding for more than 1000 different receptors found in the human genome. Only a few GPCRs, for instance the adrenomedullin receptor, have been found to be enriched in the lymphatic endothelium and to be crucial for lymphangiogenesis (9) . The paucity of known lymphatic-specific GPCRs is at least partly due to difficulties generally encountered in the GPCR research field. The usually low number of receptors expressed on the cell membrane and the lack of specific antibodies are two major obstacles hampering the identification of new GPCRs at the protein level. Therefore, we thought that a genome-wide comparative transcriptional analysis of lymphatic endothelial cells (LECs) and the closely related blood vascular endothelial cells (BECs) might represent a more promising approach in the search of lymphatic-specific GPCRs. Several crucial and specific players in lymphatic biology have been identified with this approach using cultured endothelial cells (10 -12) . Because cultured cells lack important cues derived from the in vivo microenvironment, we have recently established a method for the ex vivo isolation of LECs and BECs directly from the mouse intestine followed by microarray analysis (13) . These studies have identified novel mediators of lymphatic development, maturation, and function (13, 14) . They also indicated that several GPCRs, including members of the recently described subclass of adhesion GPCRs, which combine adhesion and signaling features (15) , might be differentially expressed in LECs versus BECs. This otherwise highly heterogenic GPCR subfamily shares an extended N-terminal domain, often comprising domains characteristic for adhesion molecules linked to the 7TM stretches by a GPCR proteolytic site (16, 17) . The vast majority of adhesion GPCRs are still orphan receptors, and evidence that they exhibit classical signaling has only recently been provided (18, 19) . In contrast to fairly well characterized adhesion GPCRs such as the EGF-7TM receptors (20) , the only hint for the function of others is their tissue distribution reflected by microarray and expressed sequence tag data.
Several GPCRs are involved in the regulation of cell adhesion and migration (21) . Because lymphangiogenesis, the growth of new lymphatic vessels from pre-existing ones, includes adhesion, migration, and extracellular matrix reorganization steps (22) , we aimed to identify GPCRs specifically expressed in LECs (with a focus on the adhesion GPCRs) that might play a role in lymphangiogenic remodeling. Therefore, we performed a TaqMan qRT-PCR-based GPCR expression profiling in ex vivo isolated LECs and BECs from the mouse intestine. We identified the adhesion GPCR GPR97 (also known as Pb99) as the most LEC-specific GPCR and characterized its functions in LEC migration and adhesion.
EXPERIMENTAL PROCEDURES
RNA Isolation, Reverse Transcription, and TaqMan GPCR Array-8-week-old C57BL/6J mice were sacrificed to obtain colon tissue for the ex vivo cell isolation of endothelial cells as described previously (13) . RNA was directly isolated from the LEC and BEC populations, amplified, and reverse-transcribed. Resulting cDNAs (400 ng per sample per microfluidic card) were mixed with TaqMan universal PCR master mix (Applied Biosystems) and loaded in the mouse GPCR TaqMan low density array microfluidic cards (4378703, Applied Biosystems). qRT-PCR was carried out in the 7900HT fast real-time PCR system (Applied Biosystems) under the conditions recommended by the manufacturer. Data were analyzed according to the 2 Ϫ⌬⌬ CT method (23) . Four animal-matched pairs of LEC and BEC were used.
Cell Culture-Human dermal LECs were isolated from neonatal human foreskins by immunomagnetic purification as described previously (11) or purchased from Promocell, Heidelberg, Germany. LECs were maintained as monolayers for up to nine passages as described elsewhere (11) .
Transient siRNA Knockdown and GPR97 OverexpressionLECs between passage 7 and 9 were transfected with either scrambled control (Silencer Negative Control No. 1, catalog number AM4611, Ambion; Life Technologies) siRNA or two GPR97-targeting siRNAs referred to as 97 si1 and 97 si2 (ID: s48198 and s48199, catalog number 4392420 Ambion, Life Technologies) alone or together with pcDNA5FRT_CAT (pCAT: control vector expressing chloramphenicol-transferase) or pcDNA5FRT_HA-N97 (pHA-N97: GPR97 tagged N-terminally with HA tag) using the basic Nucleofector kit for primary mammalian endothelial cells and the Amaxa Nucleofector II electroporator according to the manufacturer's instructions (Lonza). 4 -8 ϫ 10 5 cells were electroporated with 50 pmol (when s48198 and s4819 were combined, 25 pmol of each were used).
SYBR Real-time Quantitative PCR and Western Blot-2 ϫ 10 5 , 1.5 ϫ 10 5 , or 10 5 LECs were seeded into 6-well plates after siRNA electroporation and harvested with 1 ml/well TRIzol (Life Technologies) after 24, 48, and 72 h, respectively. RNA and protein were isolated according to the manufacturer's protocol. RNA was purified with the RNeasy kit (Qiagen) according to the manufacturer's instructions. Proteins were isolated from the remaining organic phase and resuspended in 1% SDS, 100 mM Tris-HCl, pH 8.0. Protein concentration was determined with the Pierce BCA protein assay kit (Thermo Fischer Scientific).
Total RNA was transcribed to cDNA with the high capacity cDNA reverse transcription kit (Life Technologies). qRT-PCR was performed in triplicates with SYBR kit (Roche Applied Science) and the QuantiTect primer assay (Qiagen; 204143; Hs_ GPR97_1_SG QuantiTect primer assay QT00065653). 50 ng of cDNA per 20-l reaction were used. Human ␤-actin was used as an internal control (forward primer 5Ј-TCACCGAGCGCG-GCT-3Ј; reverse primer 5Ј-TAATGTCACGCACGATTTCC-C-3Ј; Sigma-Aldrich). The relative expression of GPR97 (normalized to ␤-actin) was expressed as the percentage of the relative expression in the scrambled-transfected LECs.
Equal amounts of the protein samples were incubated for 10 min at 70°C in Laemmli buffer (0.05 M Tris-HCl pH 6.8; 10% glycerol, 2% SDS, 0.1 M DTT, 0.005% bromphenol blue), resolved with 10% polyacrylamide gels or precasted NuPage (Life Technologies), and transferred to Immobilon P PVDF membranes (Millipore Biosciences). Membranes were blocked for 1 h at room temperature in 5% nonfat dry milk in TBS-T and incubated overnight at 4°C with primary antibodies in 1% nonfat dry milk in TBS-T against human GPR97 (rabbit, Abcam, Cambridge, UK; Ab122653, 1:300), GAPDH (rabbit, Sigma-Aldrich; G9545, Wound Healing (Scratch) Assay-7 ϫ 10 4 LECs/well were cultured in EBM full medium for 24 h after siRNA electroporation or 36 h after siRNA and plasmid DNA electroporation in 24-well plates coated with 10 g/ml fibronectin or 50 g/ml type I collagen. Cells were starved for 4 h (EBM, L-glutamine, antibiotics, 2% FBS) before two cross-shaped scratches were introduced to the confluent monolayer with a sterile pipette tip. After PBS washing, starvation medium was replaced by full EBM with or without the supplements to be tested. Pictures of the two cross points per well were taken at time points t ϭ 0 and t ϭ 17 h at a 5ϫ magnification (A-plan objective 5ϫ/0.12, Zeiss Axiovert 200M microscope, Zeiss AxioCam MRm camera, Carl Zeiss Microscopy, Jena, Germany), and the percentage of the open area was analyzed automatically with the TScratch software (24) . Cells were incubated with 20 ng/ml recombinant VEGF-A (R&D Systems, Minneapolis, MN) and treated with 0.5 units/ml CN03 (Cytoskeleton, Denver, CO) or 1 unit/ml CN02 (Cytoskeleton) for 4 h and then incubated in full EBM medium. Conditioned media were collected from either scrambled control or GPR97-targeting siRNA-treated cells at a time point corresponding to the t ϭ 17 h of the wound healing assay. After removing the cell debris (centrifugation for 5 min at room temperature and 300 ϫ g), the supernatants were mixed at a 1:2 ratio with full EBM and were added to the cells at t ϭ 0 h of the scratch assay until the end time point.
Adhesion and Transwell Migration Assays-LECs (10 6 ) were plated after siRNA electroporation on fibronectin-coated 100-mm dishes and were cultured for 24 h in full EBM medium. After 4 h of starvation (EBM with 2% FBS), adhesion and Transwell migration assays were performed.
For adhesion assays, 96-well plates (Costar black clear bottom, Corning Inc., Corning, NY) were coated with 10 g/ml fibronectin or 50 g/ml type I collagen followed by 1 h of blocking with 0.2% BSA in PBS. Scrambled and GPR97 siRNA-transfected LECs were labeled in suspension for 15 min at 37°C with 4 g/ml calcein AM (Life Technologies) in PBS. After washing with 0.2% BSA in PBS, 4 ϫ 10 4 cells were plated per well. Cells were allowed to adhere at 37°C for 45 min, and unattached cells were removed by three gentle washes with 0.2% BSA in PBS. Fluorescence ( ex ϭ 485 nm em ϭ 538 nm) was measured in a microplate reader (Spectra Max Gemini EM, Molecular Devices).
To measure chemotaxis, haptotaxis, or single cell motility, different variations of the Transwell migration assay were used. 24-well Transwell inserts of 8-m pore size (Corning Inc.) were coated for 1 h with 10 g/ml fibronectin on the bottom side for haptotaxis or on both sides for chemotaxis and single cell motility and were subsequently blocked with 2% BSA in PBS. 5 ϫ 10 4 of scrambled or GPR97 siRNA-transfected LECs in 0.5% BSA containing basal EBM were plated onto the inserts. For the chemotaxis assays, EBM containing 3% FBS was added to the lower well. For the haptotaxis and single cell motility assays, the same medium was added to the upper and lower wells (EBM containing 0.5% BSA). Cells were allowed to transmigrate at 37 h for 3.5 h before the inserts were vigorously washed with PBS, and the cells on the top side were removed with a cotton swab. Transmigrated cells were methanol-fixed and stained with 1:5000 Hoechst 33342 (Life Technologies), and the porous membranes were excised from the inserts and mounted on glass slides. Samples were analyzed with the Axioskop 2 mot plus upright microscope using A-plan objective 5ϫ/0.12, and images were taken with Zeiss AxioCam MRm camera.
RhoA-GTP and Cdc42-GTP Determination with G-LISAScrambled and GPR97 siRNA-transfected LECs were cultured for 24 h after electroporation on fibronectin-coated 6-well plates (2 ϫ 10 5 cells/well) in full EBM medium and were subsequently starved overnight. For Cdc42 or RhoA activation, cells were incubated in basal EBM containing or not containing 2 units/ml of the Cdc42 activator CN02 (Cytoskeleton) or 1 unit/ml of the RhoA activator CN03 (Cytoskeleton) for 2 or 30 min, respectively. LECs were washed in PBS twice on ice and were rapidly lysed with the corresponding lysis buffer included in the G-LISA kits (BK124 for RhoA and BK127 for Cdc42). Cell lysates were snap-frozen in liquid nitrogen and stored at Ϫ80°C until they were processed according to manufacturer's manual. Total RhoA was determined by ELISA (Cytoskeleton, BK150).
Flow Cytometry, Immunofluorescence Stains, and Confocal Microscopy-After siRNA electroporation, LECs were cultured for 24 h on fibronectin-coated 100-mm dishes (10 6 cells) or on two-chamber Lab-Tek glass slides (Thermo Fischer Scientific, Roskilde, Denmark; 4 ϫ 10 5 cells/chamber) in full EBM medium. Subsequently, cells were starved overnight in EBM containing 2% FBS.
For flow cytometry analyses, LECs were detached with Accutase and washed in PBS. 10 5 cells were fixed and stained with either 9EG7 rat anti-mouse active ␤1-integrin antibody (BD Biosciences; 553715; 1:150 diluted in 2% FBS in PBS-Ca 2ϩ / Mg 2ϩ ) or anti-human total ␤1-integrin antibody (Millipore; MAB-2247-I; 1:150 diluted in 2% FBS in PBS-Ca 2ϩ /Mg 2ϩ ) IgG 2a control followed by allophycocyanin-coupled goat antirat IgG (Life Technologies; R40005; 1:200). 10 4 events per sample were recorded with a FACSCanto, and data were analyzed with FlowJo software.
For immunofluorescence stains of active ␤1-integrin, LECs were fixed with 4% formaldehyde in PBS on two-chamber LabTek glass slides, and active ␤1-integrin was stained for 30 min at room temperature with rat anti-mouse antibody 9EG7 against the active ␤1-integrin (BD Biosciences; 553715; 1:100) in PBSCa 2ϩ /Mg 2ϩ visualized with Alexa Fluor 488-coupled donkey anti-rat antibody (Life Technologies, A21208, 1:400). Nuclei were stained with Hoechst 33342 (Life Technologies, A21202, 1:5000). The cytoskeletal stains were performed on two-chamber Lab-Tek glass slides with the F-actin Visualization Biochem kit (Cytoskeleton, BK005) followed by immunostaining of vinculin (Sigma-Aldrich, V9131, 1:400).
Confocal microscopy was performed with a Leica SP2-FCS DMIRE2 (inverse) system, using a 63 ϫ 1.4 -0.6NA differential interference contrast, oil immersion, HCX Plan-Apo (blue-corrected) objective. Images were taken using the Leica LCS Software. Maximum intensity projection of the Z-stacks were analyzed with ImageJ.
Statistical Analyses-Data were analyzed with GraphPad Prism applying the two-tailed unpaired t test with p Ͻ 0.05 considered significant.
RESULTS

GPCRs Are Differentially Expressed in ex Vivo Isolated Mouse
LECs versus BECs-To identify GPCRs specifically expressed by murine LECs in vivo, we employed a method for RNA isolation from freshly sorted LECs and BECs from mouse intestines (13) . Total RNA derived from four animal-matched pairs of ex vivo isolated mouse LECs and BECs was subjected to a whole transcriptome amplification and reverse transcription. The resulting cDNA was used in a qRT-PCR TaqMan low density array designed for the screening of proteins involved in GPCR signaling. The obtained results represent a comparative transcriptome analysis of GPCRs and modulators of GPCR signaling in LECs and BECs (Tables 1 and 2 ). Among the GPCRs that were differentially expressed in LECs versus BECs, several members of the new subclass of adhesion GPCRs were identified (Tables 1 and 2 ). GPR97, a member of this protein family, displayed the most striking difference with expression levels just above the detection threshold in BECs and with abundant expression in LECs (more than 100,000-fold higher expression, Tables 1 and 2 ). Also, two other adhesion GPCRs, namely GPR124 and Celsr1, were more strongly expressed by LECs versus BECs (203.3-and 166.8-fold up-regulation, respectively; Tables 1 and 2 ). GPR97 was also expressed in cultured primary human dermal LECs, as evaluated at the mRNA level by quantitative SYBR qRT-PCR (data not shown) and at the protein level by Western blotting (Fig. 1B, ctr si) .
Silencing of GPR97 Enhances Collective Cell Migration of LECs-To explore the potential function of GPR97 in lymphatic biology, we silenced GPR97 in primary human LECs. We transfected LECs with either scrambled control or a pool of GPR97-targeting siRNAs and analyzed the knockdown efficiency over time because 7TM proteins have multiple levels of posttranslational control and can vary in their protein turnover kinetics. GPR97 RNA levels decreased in average to 13% of control levels at 24 h after transfection and recovered to approximately 50% of control after 72 h (Fig. 1A) . Western blot analysis revealed a moderate reduction of GPR97 protein at 24 h and a strong decrease at 48 h after transfection, whereas no major G, GPR97 expression after GPR97 knockdown in LECs. GPR97 protein levels were determined at time point 48 h after transfection. GPR97 protein (61 kDa, * cleaved C-terminal GPR97 32 kDa) was detected by Western blotting; GAPDH (37 kDa) was used as loading control. pCAT, control vector; pHA-N97, vector expressing HA-tagged full-length GPR97. H, expression of GPR97 reversed the enhanced collective cell migration of the GPR97-deficient cells and decreased the migration of the control siRNA transfected. Quantification of the wounded area (in %) that remained open at t ϭ 17 h in LEC monolayer was determined by the TScratch software tool. *, p Ͻ 0.05, **, p Ͻ 0.01.
reduction was found after 72 h (Fig. 1B) . Thus, functional assays were carried out between 24 and 48 h after transfection. We first determined the collective cell migration of GPR97-deficient cells in a monolayer wound healing (scratch) assay. GPR97-deficient LECs closed the wounded area significantly faster than the scrambled control cells (p ϭ 0.015, Fig. 1, C and  D) . This effect was of the same magnitude as the acceleration of wound closure seen after incubation with 20 ng/ml VEGF-A. GPR97 knockdown also slightly accelerated wound closure in the presence of VEGF-A. To exclude nontargeting effects, we performed the experiment with the two different siRNAs separately and could observe increased collective LEC migration in both cases (Fig. 1, E and F) . Moreover, the magnitude of the effect correlated with the efficiency of the knockdown being stronger with siRNA2. The different migration potential under control conditions between Fig. 1 , D and F, was due to the different migration potential of the different human LEC isolates used. Additionally, the effect of GPR97 silencing was reversed by the simultaneous transfection with a GPR97-encoding plasmid (Fig. 1, G and H) . In the sample, in which GPR97 was overexpressed (GPR97-encoding plasmid co-transfected with the control siRNA), the majority of the protein was cleaved at the GPCR proteolytic site (Fig. 1G, lower band, *) .
The Increased Collective Migration Capacity of GPR97-deficient Cells Is Not Dependent on the Coating Substrate or on
Molecules Secreted after GPR97 Knockdown-Because some adhesion GPCRs exert their effects through direct binding to other adhesion molecules (25, 26) , we next investigated whether the increased wound closure of GPR97-deficient LECs was due to loss of potential inhibitory interplay of GPR97 with matrix proteins. Thus, we next compared the effects of GPR97 knockdown on cell migration on fibronectin-versus collagen type I-coated wells. The increase in wound closure of the GPR97-deficient LECs, as compared with control cells, was similar on both coating substrates ( Fig. 2A) . To test whether the difference in collective migration might have been mediated by a soluble secreted factor, induced after GPR97 knockdown, we added conditioned media, which were collected from scrambled control and from GPR97-deficient cells, to control scrambled and GPR97-deficient LECs. The addition of the conditioned medium from GPR97-deficient LECs did not result in any major changes of migration of scrambled control cells, as compared with the addition of conditioned medium from control cells (Fig. 2B) . Similarly, the addition of the conditioned media did also not change the migration of GPR97-deficient LECs (Fig. 2B) .
Silencing of GPR97 Leads to a Redistribution of the Actin Cytoskeleton and of the Focal Adhesion Protein Vinculin-
Changes in cell motility are often accompanied by cytoskeletal rearrangements. To further investigate the mechanisms by which loss of GPR97 might affect cell migration, the organization of the F-actin-positive cytoskeleton and of the focal adhesion protein vinculin was investigated. Scrambled control LECs displayed a clustered stress fiber-like F-actin architecture (Fig.  3A) , in contrast to the plasma membrane-subjacent F-actin fibers in GPR97 knockdown LECs (Fig. 3B) . The intensity of F-actin staining was significantly reduced after GPR97 knockdown (Fig. 3C) . Knockdown of GPR97 also resulted in significantly more abundant vinculin clusters (Fig. 3D) . In contrast, we could not observe a significant change in total ␤-actin as detected by Western blotting and as compared with the loading control MAPK and with another cytoskeletal protein cofilin (see Fig. 7, A and E) .
The Perturbed Balance of Cdc42 and RhoA after GPR97 Knockdown Is Sufficient to Enhance Collective Cell Migration of
LECs-Cytoskeletal redistributions often result from alterations in the activation state of the small Rho GTPases. We determined the levels of active Cdc42 and RhoA in scrambled control versus GPR97-targeting siRNA-transfected LECs preceding the cytoskeletal changes (approximately 36 h after knockdown) and detected elevated levels of active Cdc42 (2-fold increase as compared with control; Fig. 4B ) and decreased levels of active RhoA (from 3.4% of total RhoA in the control to 2.6% in the GPR97-silenced LECs; Fig. 4C ) after GPR97 knockdown. As a positive control, the known activators of Cdc42 and RhoA, CN02 and CN03, respectively, were applied to the cells prior to lysis. Cdc42 activation resulted in a slight increase (1.3-fold as compared with unstimulated state) of GTP-bound Cdc42 in the control LECs. In contrast, the high levels of active Cdc42 in the GPR97-deficient LECs were already saturated because no further activation by CN02 was observed (Fig. 4A) . Total Cdc42 was slightly increased (1.3-fold, Fig. 4 , D and E) but not to levels that could account for the dramatic difference in activated Cdc42. CN03 increased the active fraction of RhoA from 3.4 to 4.9% in control LECs (1.5-fold) but more strongly activated RhoA (1.8-fold from 2.6 to 4.7%) in GPR97-deficient LECs. The RhoA-GTP levels in the CN03-treated GPR97-deficient LECs were comparable with those of the unstimulated control LECs, indicating that RhoA in the GPR97-deficient cells is functional. We next investigated whether the observed alterations in the balance between active Cdc42 and RhoA might be crucial for the effects of GPR97 knockdown on cell migration. Control and GPR97-deficient LECs were incubated with the Cdc42 activator CN02 or the RhoA activator CN03 from t ϭ 0 h until t ϭ 4 h in the wound healing assay. Activation of Cdc42 by CN02 significantly enhanced wound closure of control LECs, to a similar extent as GPR97 knockdown (Fig. 4F) . Vice versa, activation of RhoA by CN03 reversed the increased cell migration after GPR97 knockdown to control levels (Fig. 4G) .
GPR97-deficient Cells Display Decreased Single Cell Migration and Increased
Adhesion-Because wound closure in the two-dimensional monolayer scratch assay includes aspects of collective migration and/or adhesion, we next investigated the effect of GPR97 loss in Boyden chamber assays on single cell migration (without a gradient of the coating substrate or the chemoattractant), haptotaxis (creating a haptotactic stimulus with fibronectin on the bottom side of the membrane), and chemotaxis (the addition of 3% FBS to the lower chamber). Surprisingly, single cell migration of GPR97-deficient LECs was significantly decreased in comparison with the scrambled control LECs (Fig. 5A) . However, no major differences were found when chemotactic migration (Fig. 5B) and haptotactic migration (Fig. 5C) were analyzed. The opposing effects of GPR97 loss in wound healing versus Transwell migration suggested that cell adhesion effects might have been involved. Thus, we next determined the adhesion of GPR97-deficient versus control LECs to fibronectin and type I collagen. Indeed, LECs transfected with GPR97-targeting siRNA displayed significantly increased adhesion to both fibronectin and type I collagen, as compared with the scrambled control LECs (Fig. 5D) .
Increased Activation of ␤1-Integrin in GPR97-deficient LECsBecause adhesion to both fibronectin and collagen I was enhanced in the GPR97-deficient LECs, we analyzed the activation state of the ␤1-integrin subunit known to be part of both the fibronectin and the type I collagen receptor. To determine the extent of ␤1-integrin activation, we used the monoclonal antibody 9EG7 that was reported to bind exclusively to the active conformation of ␤1-integrin (27) . We stained single cell suspensions of GPR97-deficient and scrambled control LECs in the presence of Mg 2ϩ and detected the active ␤1-integrin by flow cytometry. In three independent experiments, we found an increase in the mean fluorescent intensity of active ␤1-integrin in the GPR97-deficient LECs as compared with the control LECs in the same experiment (Fig. 6, A and  C) . In addition, confocal microscopy analysis of stained cell cultures also revealed an increased activation of the ␤1-integrin after GPR97 knockdown (Fig. 6, D and E) . No change in total ␤1-integrin was detected (Fig. 6B) . Quantification of the integrated fluorescence area of activated ␤1-integrin normalized to total ␤1-integrin reveals a significantly higher value for the GPR97-deficient LECs (Fig. 6F) .
Increased Phosphorylation of PAK4 and Paxillin in GPR97-deficient LECs-Because the canonical G protein-mediated GPCR signaling involves different kinases and the observed cytoskeletal changes often result from phosphorylation of cytoskeletal proteins, we sought to elucidate the link between GPR97 and the cytoskeleton. We found no phosphorylation changes of protein kinase B (AKT) and protein kinase C (PKC) (Fig. 7D) , Src (Fig. 7C ), or MAPK (Fig. 7D) representing the major downstream kinases of GPCR signaling. No alteration could be detected in the phosphorylation state of MLC and cofilin (Fig. 7, B and C) , two cytoskeletal proteins involved in cellular motility. However, phosphorylation of PAK4, a downstream target of Cdc42, and paxillin was slightly higher in the GPR97-deficient cells (Fig. 7, A and F and C and G,  respectively) .
DISCUSSION
Based on the important role of lymphatic vessel activation in many different diseases, including cancer progression, chronic inflammation, and organ transplant rejection (28), there is a need to identify suitable molecular targets for the specific pharmacological manipulation of lymphangiogenesis. Because the GPCRs are a highly druggable protein family, we sought to identify GPCRs that are specifically expressed by the lymphatic endothelium as compared with the blood vascular endothelium. Indeed, using an ex vivo protocol to specifically isolate LECs and BECs from the mouse intestine, we identified a range of GPCRs that are exclusively or more strongly expressed by LECs, including Gprc5c, Gpr77, Gpr124, and Celsr1. In addition, we found that the adrenomedullin receptor is more strongly expressed by LECs, in agreement with recent studies (29) .
Because GPR97 was the GPCR with the most specific expression in LECs, and because little is known about the potential function of this adhesion-type GPCR, we focused our studies on the characterization of the potential biological role of this receptor. GPR97 is a member of the large class of adhesion GPCRs that are characterized by their unique combination of cell adhesion and signaling properties (17) . GPR97 was first isolated from a cDNA library derived from mouse pre-B cells and thymocytes, and the only published study on the potential function of GPR97 has focused on its role in early lymphoid development (30) . However, loss of GPR97 did not affect in vivo B and T cell maturation, suggesting a functional redundancy with another protein (30) .
In the present study, we found that GPR97 is also expressed in cultured human LECs, at both the RNA and the protein level. Transient knockdown studies in these cells indicated that GPR97 moderates collective cell migration and cell adhesion, but that it enhances single cell migration. A similar dichotomous effect on the migratory behavior of endothelial cells has been reported for another protein abundantly expressed by endothelial cells: PECAM-1, for which a role in balancing the different types of endothelial cell movement has been suggested (31) . The GPR97-mediated effects might be more relevant for quiescent endothelium because the induction of migration by chemotactic and haptotactic stimuli overcame the reduced motility of GPR97-deficient LECs, possibly due to compensatory mechanisms downstream of other receptors. For instance, the chemokine receptors represent another GPCR group that also regulates directed cell migration (32) . In line with our results, the highly homologous adhesion GPCR GPR56 has been reported to inhibit cell migration of neural progenitor cells (26, 33) and cancer cell metastasis (25) . Recently, GPR56 was also implicated in angiogenesis during cancer progression (34) through a mechanism involving increased VEGF-A secretion by melanoma cells. In contrast, our results indicate that GPR97 directly regulates cell migration without an intermediary soluble factor because conditioned medium from GPR97-deficient cells did not increase migration of LECs.
Our data provide the first evidence that GPR97 regulates cellular motility by potentially interfering with the mechanisms that maintain the equilibrium between the small G proteins RhoA and Cdc42 leading to F-actin redistribution and focal adhesion rearrangements. The role of these small GTPases in cell migration in wound healing and in single cell migration has been described in detail by Nobes and Hall (35) . In line with our findings, Cdc42 activation in rat embryonic fibroblasts was found to be required for collective cell migration, whereas active Cdc42 attenuated single cell motility. Additionally, active RhoA antagonized Cdc42 in both processes. Cdc42 activation and RhoA inhibition have also been implicated in the angiogenic activation of microvascular endothelial cells by VEGF-A (36) . Similar to our observations, augmented Cdc42 activity induced the redistribution of F-actin stress fibers to cortical F-actin. Our observation that VEGF-A did not significantly increase the migration of GPR97-deficient LECs supports the idea that VEGF-A stimulation and GPR97 knockdown might affect similar pathways. Although RhoA and Cdc42 might be concurrently regulated downstream of GPR97, a direct inter- play between RhoA and Cdc42 is also possible. Active RhoA can inhibit Cdc42 and the establishment of cell polarity (37) and, vice versa, active Cdc42 can directly suppress basal RhoA activity (36) .
Our data suggest that the increased adhesive properties of GPR97-deficient LEC might be mediated, at least in part, by increased activation of the ␤1-integrin subunit and possibly reinforced by enhanced formation of nascent focal adhesions as suggested by the abundant vinculin expression. There are several possible mediators between the small GTPases and the integrin in the GPR97-deficient cells. For instance, abolished RhoA activation in epithelial cells leads to stabilization of the focal adhesion kinase (FAK)-␣2␤1 integrin complex and to increased cell attachment and spreading (38) . The increased adhesion might be mediated by direct binding of active ␤1-integrin to its extracellular matrix substrates type I collagen and fibronectin, in line with our finding that increased adhesion and migration of GPR97-deficient cells were observed on both substrates.
Regarding the signaling molecules that link GPR97 to the small GTPases and the observed cytoskeletal rearrangements, there are still many open questions. In the GPR97-deficient cells, we observed an increased phosphorylation of the cytoskeletal adapter molecule paxillin at Tyr-31. This is in line with the increased recruitment of vinculin and activated ␤1-integrin and would suggest an enhanced formation of focal adhesions and increased migration potential. However, Src phosphorylation reported to be a downstream event of ␤1-integrin activa- tion was not altered. Furthermore, phosphorylation of PAK4 reported to be a target of Cdc42 and PKC crucial for endothelial lumen formation was mildly elevated (39) . To find a link between G protein-mediated signaling and the cytoskeletal rearrangements, we screened the phosphorylation state of PKC and AKT as downstream kinases of G␣ q and G␤␥ and MAPK, MLC, and cofilin as downstream targets of G␣ 12/13 (mediated by the small GTPases). None of the potential targets were differentially phosphorylated in the GPR97-deficient LECs as compared with the scrambled control. Nevertheless, their involvement in the mentioned pathways in GPR97-governed processes cannot be completely excluded because the cytoskeletal effects might not be linked to classical G protein-coupled signaling after receptor activation. The major obstacle to distinguish between these two possibilities remains the lack of known ligand(s). Only very recently, a comprehensive study has been conducted in a heterologous CHO/HEK 293 overexpression system to systematically screen a library of compounds for agonists of the orphan adhesion GPCRs (18) . Notably, this study provided the first information in this regard, indicating that beclomethasone induces GPR97-dependent G␣ qo3 signaling. However, we did not observe a modulation of collective cell migration upon treatment of LECs with beclomethasone (data not shown). This discrepancy may be due to differences in the downstream cellular response after stimulation of the overexpressed receptor in CHO/HEK293 cells and of the endogenous receptor in LECs. Additionally, the two readouts, a direct second messenger measurement and a complex cellular response, cannot be compared directly. Gupte et al. (18) and other recent studies (reviewed in Ref. 40 ) conclude that surprisingly, the vast majority of adhesion GPCRs are capable of signaling through the canonical GPCR downstream mediators: the heterotrimeric G proteins. In the context of GPR97-regulated cell migration and adhesion, several G␣ subunit isoforms as well as the G␤␥ dimer of the heterotrimeric complex could be involved (21) . In terms of protein binding properties, GPCR signaling through G␣ q/11 often binds also to G␣ 12/13 . The well characterized downstream signaling of the latter involves activation of RhoA (41) . A recent study shows that inhibition of vascular smooth muscle cell migration is governed by the sphingosine 1-phosphate receptor 2 (S1P 2 ) receptor and is mediated by both G␣ 12/13 and G␣ q (42) . Moreover, analogy to GPR56-mediated inhibition of migration through G␣ 12/13 and G␣ q favors this hypothesis (33, 43) .
Importantly however, our data cannot exclude another mechanism of action of GPR97; because the adhesion GPCRs also exhibit noncanonical, purely adhesive modes of action (40) , it is possible that GPR97 interacts directly or at least in a G protein-independent manner with the ␤1 integrin subunit and/or the focal adhesion protein vinculin and hampers ␤1 integrin activation. In this scenario, increased activation of ␤1 integrin upon loss of GPR97 triggers the observed cellular rearrangements because activated ␤1 integrin can also activate Cdc42 (44) . This would be an alternative explanation for the fact that beclomethasone, as an activator of G protein-mediated downstream signaling, did not affect in vitro wound healing (data not shown).
Taken together, our study provides the first insights into the cellular function of the poorly characterized adhesion GPCR GPR97, which we have found to be specifically expressed by lymphatic endothelium but not by blood vascular endothelium. It will be of great interest to investigate, in future studies, -31) . A-D, the representative phosphorylation state of PAK4, PAK5, and PAK6 (A), cofilin (B), paxillin, MLC, and Src (C) and AKT, MAPK, and PKC (D) from three independent experiments is shown as detected by Western blotting using phospho-specific antibodies. MAPK and ␤-actin served as loading controls. ctr si, control siRNA; 97 si, GPR97-targeting siRNA. Differences in p-PAK4 and p-paxillin were quantified densitometrically with ImageJ and normalized to the loading control MAPK (F and G, respectively). ␤-Actin levels were compared with another cytoskeletal protein cofilin (A), densitometrically quantified (ImageJ), and normalized to MAPK (E).
whether GPR97 might also play a role in the development and function of the lymphatic vascular system or in lymphangiogenesis under pathological conditions. Given the cell type-restricted expression pattern of adhesion GPCRs and the recent advances in the field (40, 45) , the identification of GPR97 as a lymphatic adhesion GPCR might open new possibilities for the future pharmacological manipulation of lymphangiogenesis.
